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 Realistic respiration patterns and pH and CO2 fluctuations are generated.
 A prolonged open spiracle phase cannot be governed by a single pH threshold.
 Hysteresis in the CO2/pH system is key to generating realistic model results.
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a b s t r a c t
The insect gas exchange system is characterised by branching air-filled tubes (tracheae/tracheoles) and
valve-like structures in their outer integument (spiracles) which allow for a periodic gas exchange
pattern known as the discontinuous gas exchange cycle (DGC). The DGC facilitates the temporal
decoupling of whole animal gas exchange from cellular respiration rates and may confer several
physiological benefits, which are nevertheless highly controversial (primarily reduction of cellular
oxidative damage and/or respiratory water saving). The intrinsic and extrinsic factors influencing DGCs
are the focus of extensive ongoing research and little consensus has been reached on the evolutionary
genesis or mechanistic costs and benefits of the pattern. Despite several hypotheses and much
experimental and evolutionary biology research, a mechanistic physical model, which captures various
key elements of the DGC pattern, is currently lacking. Here, we present a biologically realistic
computational, two-sensor DGC model (pH/carbon dioxide and oxygen setpoints) for an Orthopteran
gas exchange system, and show computationally for the first time that a control system of two
interacting feedback loops is capable of generating a full DGC pattern with outputs which are
physiologically realistic, quantitatively matching experimental results found in this taxonomic model
elsewhere. A finite-element mathematical approach is employed and various trigger sets are considered.
Parameter sensitivity analyses suggest that various aspects of insect DGC are adequately captured in this
model. In particular, with physiologically relevant input parameters, the full DGC pattern is induced; and
the phase durations, endotracheal carbon dioxide partial pressure ranges, and pH fluctuations which
arise are physically realistic. The model results support the emergent property hypothesis for the
existence of DGC, and indicate that asymmetric loading and off-loading (hysteresis) in one of the sensor
feedback loops, which is a novel inclusion here, is a critical aspect of the insect spiracle-tracheal gas
exchange system.
& 2015 Elsevier Ltd. All rights reserved.
1. Introduction
Insects possess a gas exchange and respiratory system in which
air-filled tubes lead from the outer integument, where there are
spiracles as valves, and branch finally into smaller tracheoles,
where gas exchange is thought to take place; tracheoles are fluid-
filled at their tips but can penetrate close to mitochondria, where
cell respiration and aerobic energy metabolism occur. This is
significantly different from a vertebrate, mammalian gas exchange
system in which there are lungs and a circulatory system with an
oxygen carrier (haemoglobin), from which oxygen is delivered to
tissues where cellular respiration takes place, again in mitochon-
dria. This structural diversity gives rise to key functional physio-
logical differences, most notably in the external gas exchange
patterns—and specifically the discontinuous gas exchange cycle
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(DGC)—typically shown by several key insect groups (cockroaches,
beetles, ants, butterfly pupae, and crickets and grasshoppers).
Indeed, in at least five cases (or more, depending on the precise
classification of DGC) DGCs are present in the derived physiologi-
cal state (Marais et al., 2005; White et al., 2007), suggesting that
the pattern confers some evolutionary fitness benefits.
The DGC consists of three phases: the closed or constricted
phase (CP), in which the spiracles are sealed; the flutter phase (FP),
in which the spiracles open and close rapidly; and the open phase
(OP), in which the spiracles are fully open for an extended period.
DGC is in contrast to continuous and cyclic ventilation, observed in
the same insects under different ambient conditions or metabolic
demands: hypercapnic and hypoxic environments both induce the
abandonment of DGC in favour of continuous respiration; reduc-
tion in ambient oxygen levels typically results in an increased
cycle frequency before DGC is abandoned (e.g. Terblanche et al.,
2008; Chown and Holter, 2000). Experimentally induced increases
in metabolic rate have both increased the cycle frequency, and in
the extreme produced an open-spiracle state (e.g. Contreras and
Bradley, 2009; Heinrich and Bradley, 2014).
There is much speculation and debate on the reasons for the
occurrence of the DGC pattern, in terms of its mechanisms as well
as its role in the overall physiological functioning of the insect.
Contreras et al. (2014) provide a recent comprehensive review,
highlighting again the distinction between adaptive and non-
adaptive hypotheses.
Adaptive hypotheses are centred around the effects and/or
benefits of DGC. One such is the hygric hypothesis, focussing on
the reduction of respiratory water loss (Buck et al., 1953). Issues of
the delivery of oxygen and off-loading of carbon dioxide are
addressed in various ways by the oxidative damage, chthonic,
respiratory adequacy, and metabolic rate hypotheses (Bradley,
2000; Hetz and Bradley, 2005; Lighton and Berrigan, 1995;
Contreras and Bradley, 2009, 2010). The “strolling arthopod”
hypothesis proposes that closed spiracles are a mechanism for
physical protection from mite infestation (Miller, 1974).
Non-adaptive hypotheses primarily address causes of and/or
mechanisms for DGC. The neural hypothesis proposes that DGC
occurs as a passive pattern under low brain activity (Matthews and
White, 2011a,b, 2013). The emergent property hypothesis poses
DGC as a pattern that emerges under certain conditions from the
interaction of two feedback loops which directly monitor and
regulate endotracheal oxygen (to be sufficient for metabolic
demand) and carbon dioxide or haemolymph pH levels (Chown
and Holter, 2000; Förster and Hetz, 2010).
It is becoming widely accepted that a combination of these are
factors in the presence of DGC, with oxygen and carbon dioxide/
pH regulation as the underlying mechanism, and other aspects
providing physiological benefits that may vary across insect types
(Contreras et al., 2014; Groenewald et al., 2014).
Förster and Hetz (2010) proposed a theoretical model, in line
with the emergent property hypothesis (Chown and Holter,
2000), of a control system composed of two interacting feed-
back loops. Their data from perfusion experiments indicates
that spiracles are open when endotracheal carbon dioxide
partial pressure (PCO2 ) is above a threshold, or when endotra-
cheal oxygen partial pressure (PO2 ) is below a threshold. They
therefore described the open and closed spiracle states as steady
states in a PCO2 /PO2 phase space (see also Burkett and
Schneiderman, 1974), where prolonged time in each of these
states would correspond to the open and closed periods of the
DGC, and the flutter is viewed as the result of rapid oscillation
between the two steady states. The nature of the feedback loops
is therefore that they each operate on a simple two-way trigger:
when endotracheal PO2 drops low enough, the spiracle is
triggered to open, causing a rise in PO2 , raising it back to the
threshold value (with a brief lag due to diffusion time), at which
point the spiracle closes again. Similarly, when haemolymph pH
is low enough—corresponding to simultaneous high endotra-
cheal PCO2—the spiracle opens, gas exchange lowers the PCO2
level and raises the pH, the trigger value is reached, and the
spiracle closes. A key expectation used in this model is that the
O2related opening and closing triggers would be activated
repeatedly in quick succession, giving a flutter effect, while the
CO2related triggers would be activated on a slower cycle,
producing longer open and closed phases. The interaction of
these two loops, producing cycles at clearly different frequen-
cies, would therefore produce a DGC-like pattern of open, closed
and flutter phases.
In terms of numerical modelling of DGC, early work was done
by Snyder et al. (1995), in which the cross-sectional area and
volume of the tracheal tube were varied, producing modulation of
the DGC phase lengths, thereby highlighting the role of these
morphological factors in insect gas exchange patterns.
More recently, in order to investigate the viability of the
theoretical model of Förster and Hetz (2010) for interacting
systems, Förster undertook computational investigations of each
of the two systems independently (Förster, 2010). He simulated
the O2 system, and demonstrated that this feedback loop does
indeed produce flutter-like behaviour as expected, and that with
multiple, connected tracheal tubes, nonsynchronous spiracle
opening and closing is induced by altering the strength of
connectivity between the tubes.
To investigate the CO2 system, Förster performed a bifurcation
analysis on the model, and demonstrated through numerical
results that oscillations in haemolymph pH occur, as would be
caused by the alternation between open and closed spiracle states.
His analysis showed particularly that by varying the input para-
meter values (metabolic rate, buffer values, and spiracular con-
ductance, amongst others), these oscillations would change in
amplitude, or disappear altogether, indicating that a steady state
had been reached. This investigation shows clearly that a feedback
loop with a two-way pH trigger can induce a respiratory pattern of
alternating OPs and CPs, if it operates in isolation; and, moreover,
that it can induce a steady state (of open or closed spiracles) if
there is a variation in critical factors.
Taken together, these two investigations by Förster provide
strong support for the idea that DGC is a pattern generated by two
interacting feedback loops. However, the critical question about
whether such a model can capture realistic DGC patterns (speci-
fically considering relative phase lengths, firstly, but also actual
phase lengths) and at the same time remain within physiologically
realistic boundaries in terms of, for example, pH and PCO2 ranges, is
left unanswered.
We address these issues in a study of the interaction of the two
systems, using biologically realistic parameter values based on
data from S. gregaria and related species (e.g. Groenewald et al.,
2012; Harrison et al., 1995; Terblanche et al., 2008). Our primary
objective is to establish computationally whether two interacting
regulation systems can effectively capture the key DGC behaviour
observed, and thereby shed light on whether the underlying
mechanism of DGC might indeed be that of two such systems, as
simulated.
Furthermore, while such a control systems explanation for DGC
seems feasible, the details of such a system should be carefully
investigated, and therefore we consider and compare a number of
feedback loops, modifications of those described in Förster and
Hetz (2010). Such an investigation helps to identify the nature of a
system that will generate realistic results, and is useful in giving
insight into the relevant physiological processes.
The model is described in detail in Section 2, and results follow
in Section 3 before the concluding remarks in Section 4. The final
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section contains appendices giving further details of the model
and a synopsis of the results.
2. Model
2.1. Objectives
The model is constructed using a control systems approach, with
feedback loops. Various output values are monitored at each time
step, and are fed back into the system to trigger changes between
open-spiracle state and closed-spiracle state. The choices of triggers
considered are discussed in detail in Section 2.6. Four trigger system
options are considered, and each is investigated in turn, with the
objectives of understanding the dynamics induced by each, and
identifying a set capable of generating realistic outputs.
The four desired outputs from the model simulations are (1) a
full, three-phase DGC under normal conditions, that is, with
metabolic rate for the insect at rest, in a normoxic and normo-
capnic atmosphere; (2) realistic durations of the open phase and
interburst period consisting of the closed phase and flutter phase
together (values for comparison taken from the data-set of
Groenewald et al. (2012), which contains measurements on the
DGC observed in S. gregaria, and gives mean duration of the OP as
1233 s, with a standard deviation of 382 s, and mean duration of
the interburst phase as 1968 s, with a standard deviation of 772 s);
(3) endotracheal PCO2 lying in a realistic range (up to approxi-
mately 3 kPa, cf. Harrison et al., 1995), with its minimum and
maximum at approximately the starts of the closed and open
periods respectively; and (4) a realistic amplitude of pH fluctua-
tion (taken to be a variation of approximately 7.22–7.32, from the
data of Harrison et al., 1995, of Taenipoda eques).
Input parameter values that have not been clearly established
empirically are adjusted to obtain the four desired outputs (details
to be found in Section 2.7). This process allows for discrimination
between the trigger systems that are capable of producing realistic
results, according to the data used for comparison, and those that
are not.
Once a trigger set has been identified as viable, a fifth output can
be considered, the response of the system to varied conditions:
(1) increasing metabolic rate; (2) hypercapnia; and (3) hypoxia. This
serves as a qualitative validation step for the model as a whole, and
in particular for each of the trigger set options. This step additionally
gives insight into the working of the trigger systems.
2.2. Key features captured in the model
The model is of gas exchange in an idealised trachea, and contains
two interacting components: the oxygen system and the carbon
dioxide system. The first simulates oxygen in the trachea being
depleted bymetabolic uptake, and replenished by diffusion of ambient
oxygen into the tube when the spiracle opens. The second simulates
the process in which carbon dioxide is produced in the tissue by
metabolic activity, and dissolves; there may be a reaction with H2O,
producing protons which are then buffered in the haemolymph by an
unspecified non-bicarbonate buffer. There is additionally transfer of
CO2 between the tracheal tube and the tissue/haemolymph.When the
spiracle is closed, there is a rise in endotracheal CO2 levels, but when
the spiracle is open, CO2 levels drop (in normal atmospheric condi-
tions), with a resultant rise in pH in the haemolymph.
We consider a highly simplified tracheal system of 20 uncon-
nected, identical tracheal tubes—corresponding to the 10 pairs of
spiracles along the locust body (Harrison et al., 2013)—and the
model is of a single tube. Thus the tracheal volume used is 1=20 of
the total tracheal volume VT and likewise the metabolic consump-
tion is 1=20 of total metabolic consumption by the insect.
While convection probably does play a role in gas exchange
during DGC, due to either passive suction ventilation or mechan-
ical pumping, or both, the relative contributions of convection and
diffusion are not well-understood (Socha et al., 2010). A diffusion-
only approach, rather than mixed convection-diffusion, has there-
fore been taken for the sake of simplicity in the modelling.
2.3. Oxygen system
For the oxygen system, the trachea is modelled as an air-filled
tube with a spiracle at one end and tissue at the other. The tube is
assumed to be of uniform cross-section, with impenetrable walls,
with fixed, constant metabolic uptake of oxygen occurring at the
end representing tissue. The model spiracle in its closed state
should provide complete insulation from the atmosphere, and in
its open state should allow gas exchange with atmosphere, with
some resistance to this exchange (Kestler, 1985).
A one-dimensional finite element model has been used to
capture the diffusion of oxygen within air in a tube of length L,
volume V, and cross-sectional area A¼ V=L. Metabolic uptake (MU)
is captured as a sink term (S¼MU=A) for the oxygen concentration
at the tissue end point, with the point itself having a no-flux
boundary condition. (This replaces expressing metabolic uptake as
a flux across the boundary.) The spiracle is represented by an extra
element of length hsp, with a diffusion coefficient (Dsp) lower than
that of oxygen in air (D). For an open-spiracle state, this element is
included in the computation, with an essential boundary condition
prescribing atmospheric oxygen concentration. For a closed-
spiracle state, this element is excluded, and a natural, zero-flux
boundary condition is used.
2.4. Carbon dioxide system
The model for this system is based on that described and
analysed numerically by Förster (2010), with differences in the
modelling of the spiracle state and its triggers. The trachea is
modelled as a single compartment of volume V, and the adjacent
tissue and fluid are lumped together as a single compartment of
volume Vtf, for simplicity, with v¼ Vtf =V being the ratio between
the volumes of the two compartments. The equations describing









Hþ þB ; ð2Þ
where B is an unspecified non-bicarbonate buffer, and the
kn ðn¼ 71; 72) are reaction rate constants. CO2 is produced in
the tissues by metabolic activity at a rate of MR. Transport of CO2
between the compartments is governed by the internal conduc-
tance, γin, and exchange of the gas with the atmosphere is
governed by the spiracular conductance, γsp, for the case of an
open spiracle. Diffusion of CO2 within the trachea is approximated
as instantaneous—the actual diffusion time of CO2 from one end of
the tracheal tube to the other is negligible relative to the time
scales being considered in this system (in the region of 1–2 s), and
therefore has not been included explicitly through spatial model-
ling of the compartment as a tube. (In contrast, in the case of the
O2 system the inclusion of spatial modelling adds a relevant
degree of accuracy, as the time scales in that system are compar-
able to the diffusion time from one end of the tube to the other).
For a closed state, no exchange with the atmosphere occurs. After
normalisation, a simplification of the system of equations due to
conservation of mass, and the introduction of initial conditions,
B.J. Grieshaber, J.S. Terblanche / Journal of Theoretical Biology 374 (2015) 138–151140


















   ð4Þ
_H ¼ k1 Cκ1HAþρ β1þβ2þAH
 þρκ2H β2þAH  	 ð5Þ
_A ¼ k1 Cκ1HA½  ð6Þ
where μ is a scaling of MR, κn (n¼1, 2) and ρ are scalings of the
reaction rates; C, T , H and A are respectively scalings of the CO2
concentrations of the tissue and tracheal compartments, and the
concentrations of Hþ and HCO3 in the tissue compartment (with
dot notation for rate of change, in seconds); α is a measure of CO2
solubility, ψ is a scaling of atmospheric CO2 partial pressure (pambCO2 ), β1
represents the quantity of non-bicarbonate buffer substance present,
and β2 can be interpreted as a total buffer value. (Section 2.7 provides
details of scalings and parameter value choices.) Finally, for an open-
spiracle state, ϵ¼1, and for a closed state, ϵ¼0.
2.5. Computational interaction of the two systems
The O2 and CO2 systems are solved independently at each time
step. At the end of each step, the output from either system may
trigger a change of spiracle state, which is then incorporated
immediately, for both systems, from the next time step on. For
example, suppose that the spiracle is closed at the beginning of the
time step; both systems are solved in the closed-spiracle state, for
that time step. If by the end of the time step the output of the O2
system indicates that the endotracheal PO2 has dropped below the
low threshold, the spiracle is triggered by that system to open.
This information is conveyed to both systems, so that in the next
time step, both the O2 and CO2 systems are solved in the open-
spiracle state. They are then solved in the open-spiracle state at
each step until the output of one of the systems triggers the
closing of the spiracle. In subsequent time steps both systems are
Fig. 1. Individual systems and their interaction. (a) O2 system. (b) CO2 system. (c) System outputs at each time step determine the spiracle state for the next.
Fig. 2. Representative PO2 traces generated using TS 1, with two different pairs of conductance values (a) γin ¼ 0:4, γsp ¼ 15—generates OP/CP cycle only; (b) γin ¼ 100,
γsp ¼ 500—generates full DGC, with OP length¼1 s. PO2 is measured at the tissue end of the tracheal tube. In (a) the vertical dashed lines indicate spiracle opening and
vertical solid lines indicate spiracle closing. In (b) the bands of vertical dashed/solid lines represent the FPs, and solid grey indicates the CPs. The brief OPs between the FPs
and the CPs is visually indistinguishable but corresponds to the rapid rise of PO2 to 415 kPa.
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then solved in the closed-spiracle state, until an opening trigger is
reached by one system or the other, and so on. Thus, both systems
contribute to the control of spiracle behaviour, but are otherwise
uncoupled in their functioning (Fig. 1).
Shared input information is the metabolic rate and the tracheal
volume.
The relationship between the spiracular conductance (γsp) and
the spiracle diffusion constant (Dsp) has been approximated as
linear for spiracle length (hsp) a set fraction of tracheal length, with
calibration by preliminary numerical experiments giving
hsp ¼ L=60 and Dsp ¼ ðD=800:28Þγsp. This approximation holds very
well for the ranges considered in this work.
2.6. Trigger systems
As the flutter phase of DGC is observed to be initiated when
endotracheal oxygen concentration is low (around 3–5 kPa), and
these levels are maintained to the end of the phase (Lighton, 1996),
it appears that oxygen levels act as a trigger for the opening, and
possibly also closing, of the spiracles. The relevant sensor is
believed to be located in the segmental ganglion (Burkett and
Schneiderman, 1967). Thus, in the oxygen system of our model, in
line with the theoretical model proposed by Förster and Hetz
(2010), the spiracle is triggered to open by the oxygen partial
pressure at the tissue end of the trachea dropping below a
threshold value θ; when the oxygen pressure rises past that
threshold value again, the spiracle is triggered to close (cf.
Förster, 2010). This represents an attempt by the insect's system
to ensure that endotracheal oxygen levels are not depleted, but
rather maintained at a level above a minimum acceptable value to
provide sufficient oxygen supply for metabolic demand.
At the beginning of the open phase in DGC, endotracheal
carbon dioxide concentration is at its maximum. Enforced expo-
sure to high levels of CO2 (whether ambient, as in Terblanche et al.,
Fig. 4. PCO2 traces for increasing metabolic rate, with TS 2: (a) 36 nmol g
1 min1; (b) 72 nmol g1 min1; (c) 108 nmol g1 min1. PCO2 is measured at the tissue end of the
tracheal tube. In (a) and (b) the OPs, CPs and FPs are indicated by solid white, solid grey, and dashed grey respectively. In (c), solid white indicates continuous ventilation.
Fig. 3. PO2 trace generated using TS 2. PO2 is measured at the tissue end of the
tracheal tube. The OPs, CPs and FPs are indicated by solid white, solid grey, and
dashed grey respectively.
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2008, or endotracheal via intubation, as in Förster and Hetz, 2010)
produces a continuous open-spiracle state, leading to the belief
that it is either endotracheal PCO2 , or the closely-related quantity of
haemolymph acidity, that triggers the opening of the spiracle at a
threshold value. The actual mechanism by which this might occur
is debated, but at high concentration CO2 might act directly on the
spiracle muscle (Beckel and Schneiderman, 1957; Burkett and
Schneiderman, 1967). Förster and Hetz (2010) propose that the
beginning and end of the OP are both triggered by haemolymph
pH, with the spiracles opening as it reaches a threshold, and then
closing as it moves back past it. They suggest, however, that there
is a hysteresis effect that additionally needs to be included, to
account for the delayed termination of the OP.
Four trigger systems are considered in the carbon dioxide
system. The first trigger system (TS 1) uses a simple two-way
trigger: spiracle opening and closing respectively are triggered by
the acidity level of the tissue compartment rising above and
dropping below a threshold value, Π, as per the model of Förster
and Hetz (2010). This represents an attempt at maintaining a
tolerable level of haemolymph pH—specifically, ensuring that the
acidity is below a given maximum.
The second (TS 2) considers, instead of a single threshold pH
value, a two-phase trigger set which takes the direction of
variation into account: acidity rising above Π triggers spiracle
opening, acidity dropping past Π causes no direct response, and
only dropping below a specified lower value, Π2oΠ, triggers
the spiracles to close again. Physically, this would be interpreted
as excessive acidity causing the spiracles to open, allowing for
an unloading of endotracheal carbon dioxide, as well as an
unloading of buffered carbon dioxide. The buffered CO2 is, in
this system, restored not simply to the level it was at before
spiracle-opening, but to an even lower level, so that the
haemolymph is purged of excess before the build-up of CO2
begins again. This two-setpoint arrangement would reflect
asymmetry, which is not uncommon in biological systems:
asymmetry is seen, for example, in thermal hysteresis caused
by anti-freeze proteins, and in the difference between the
association and dissociation curves in oxygen-haemoglobin
binding (see e.g. Withers, 1992).
The third system (TS 3) uses endotracheal carbon dioxide
concentration (or equivalently, in this model, partial pressure) to
trigger spiracle opening at a threshold Ψ , and the low acidity value
Π2 to trigger closing. Physically, this represents an opening
response to excessive carbon dioxide rather than excessive acidity,
but a similar purging of dissolved carbon dioxide.
Trigger system 4 (TS 4) again uses the simple two-way trigger
(as in TS 1), but enforces a time delay between the initial
triggering of the spiracle closing and the actual closing. This
represents, as in the first case, an attempt to maintain haemo-
lymph acidity being below a given maximum, but incorporates a
signal delay of duration d from the haemolymph pH sensor to the
spiracle muscle.
In the combined model of interacting systems, therefore, four
cases are considered: each of TS 1–4 operating in the CO2
component of the model, always with a two-way trigger system
operating in the O2 component.
Fig. 5. Tissue/haemolymph pH traces for increasing pambCO2 , with TS 2: (a) 0.033 kPa; (b) 1 kPa; (c) 2 kPa; (d) 3 kPa. In (a), (b) and (c) the OPs, CPs and FPs are indicated by solid
white, solid grey, and dashed grey respectively. In (d), solid white indicates continuous ventilation.
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2.7. Parameter and input values
For a normoxic environment, atmospheric O2 partial pressure of
20.95 kPa is used, and for a normocapnic environment, CO2 partial
pressure is set to 0.033 kPa. Ambient temperature (T) is set at 15 1C.
The mass (M) of the insect is set at 1.76 g (Groenewald et al.,
2012; Lease et al., 2006). Total tracheal volume is taken to be
214 μl (cf. Lease et al., 2006), giving V ¼ 10:7 μl for the volume of a
single tube, as modelled. We use a volume ratio of v¼5.757, which
corresponds approximately to a tracheal volume 14.8% of total
body volume (cf. Lease et al., 2006). The length of the model tube,
representing the distance from the spiracle to the tissue pene-
trated by the tracheal system, is taken to be 5 mm.
The metabolic production rate of CO2 at rest is set to
36 nmol g1 min1 (Groenewald et al., 2012, measured at 15 1C)
giving, for a single tube, MR¼(1.9M) nmol min1. Using a respira-
tory quotient RQ¼0.82 (Krogh and Weis-Fogh, 1951; Hadley and
Quinlan, 1993), we calculate oxygen uptake as MU ¼MR=0:82.
With recorded pH of grasshoppers lying between approxi-
mately 7.12 and 7.3 at the temperatures used in this model
(Harrison et al., 1995; Harrison, 1988), the primary threshold
value used for pH-based trigger (normalised as described
below to Π ¼ 0:28) was Π̂ ¼ 7:253. For the buffer-related con-
stants, we use β1 ¼ 76;000 and β2 ¼ 176;500, calculated from
measurements on adult female S. gregaria at 21 1C (Harrison
et al., 1990).
The constant cn¼ 199:53 nM is introduced for normalisation of
the CO2 equation system (see Appendix A for further details), with
concentrations scaled according to
ctiCO2 ¼ Ccn ð7Þ
ctrCO2 ¼ T cn ð8Þ
ctiH þ ¼Hcn ð9Þ
ctiHCO3 ¼Ac
n: ð10Þ
Transformations of the reaction rate variables use









where the choices are k1¼0.017 s1, ρ¼1000, κ1¼0.387, and
κ2¼0.6310 (from values in Förster, 2010, interpolated where
appropriate to account for the difference in temperature used).
The ambient CO2 partial pressure variable ψ is transformed
according to pambCO2 ¼ψcn=αtr , and metabolic rate according to
MR¼ μcnVk1. The solubility of CO2 in gas is calculated to be
αtr ¼ 1=RT ¼ 0:41739 mM kPa1 (where R is the gas constant).
The relative tissue solubility is α¼ 1:247 (Förster, 2010).
The low threshold value θ for O2 partial pressure at the internal
end of the tracheal tube was set at a constant 3.4 kPa (Matthews
Fig. 6. PO2 traces for decreasing p
amb
O2
, with TS 2: (a) 15 kPa; (b) 10 kPa; (c) 5 kPa; (d) 3 kPa. PO2 is measured at the tissue end of the tracheal tube. In (a), (b) and (c) the OPs,
CPs and FPs are indicated by solid white, solid grey, and dashed grey respectively. In (d), solid white indicates continuous ventilation.
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et al., 2012), where potential dependence on CO2 partial pressure
(observed by Förster and Hetz, 2010; see also Schneiderman, 1960)
or atmospheric variation (Matthews et al., 2012) has been omitted
for simplicity.
Accurate values for the conductances γin and γsp have not been
established experimentally, and these are varied to obtain the
desired outputs if possible, starting with the objective of obtaining
a three-phase DGC. Details of this critical aspect of the modelling
process will be given in Section 3, along with details of the
quantities Π2, Ψ and d relating specifically to TS 2, 3 and
4 respectively.
2.8. Numerical methods
Customwritten code was implemented in Python. For the finite
element component of the code, 40 linear elements are used along
the length of the trachea. The CO2 system is solved using the
Newton–Raphson method. Implicit time-stepping (the backward
Euler method) is used for the overall system, with two time-step
sizes: during the open-spiracle state induced by the low O2 trigger
the time-step is dt¼0.1 s, and for any other part of the simulation,
where a coarser time-mesh captures the behaviour adequately, it
is dt¼1 s.
3. Results
Results are given for each of the trigger systems detailed in
Section 2.6. Where the O2 system triggers produce opening and
closing of the spiracle (usually a number of times in very rapid
succession), this is interpreted as the flutter phase. Where the CO2
system triggers act, the opening and the closing of the spiracle are
interpreted as the initiation and termination of the open phase.
3.1. TS 1
A great range of values of γin and γsp are considered in an
attempt to induce a full DGC (these two parameters being adjusted
as they are not known empirically). Many are unsuccessful
combinations, resulting in only an open/closed cycle as shown in
Fig. 2a (with the CP not providing sufficient time for endotracheal
oxygen to deplete to the threshold value that would activate the
flutter phase), while pairs that do induce a pattern that includes
the flutter phase give extremely brief OPs (e.g. Fig. 2b), in a
number of cases only 1 s long. Adjustment of parameter values
within a spectrum of ranges, constrained by the first aim of
maintaining the full DGC, may give longer OPs, but one to two
orders of magnitude below observed durations (e.g. if κ1 ¼ 0:8 and
β2 ¼ 140;000, then the resultant OP is 43 s long), or produce
results with PCO2 and pH ranges far from those that are physiolo-
gically reasonable (e.g. endotracheal PCO2 reaching in the region of
20 kPa). Using this trigger system does not, therefore, generate
realistic DGC patterns.
3.2. TS 2
Choosing γin¼0.4 and γsp¼15, and the low trigger value
Π2¼0.255 (which corresponds to a pH of Π̂ 2 ¼ 7:293), produces
Fig. 7. PO2 traces for increasing metabolic rate, with TS 4: (a) 36 nmol g
1 min1; (b) 72 nmol g1 min1; (c) 108 nmol g1 min1. PO2 is measured at the tissue end of the
tracheal tube. In (a) and (b) the OPs, CPs and FPs are indicated by solid white, solid grey, and dashed grey respectively. In (c), solid white indicates continuous ventilation.
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a full DGC (Fig. 3). The phase durations are realistic with this
choice of values, within the standard deviation (s.d.) of the
experimental data (Groenewald et al., 2012): an OP of 898 s, CP
of 1215 s, and FP of 1043 s, so that the interburst period is about
38 min long. Endotracheal PCO2 reaches its minimum at 0.14 kPa
and its maximum at 4.38 kPa, which is reasonably close to the
desired output range, the overshoot of the maximum being only
approximately 50%. There is a pH fluctuation between 7.253 and
7.302, a range of approximately 0.05 units. Thus all four desired
outcomes are met by these parameter choices using TS 2, indicat-
ing that this system is capable of capturing the key aspects of DGC.
The discrepancy between a realistic pH range and a slightly less
realistic PCO2 range is probably due to physiological mechanisms
involved in the relationship between haemolymph pH and endo-
tracheal PCO2 that have not been accounted for, highlighting the
relative simplicity of the model.
Having established that TS 2 can generate realistic DGCs under
normal conditions, we consider variation in conditions with the
same parameter set.
Increasing the metabolic rate gives shorter flutter and longer
open periods (and in general longer DGC periods), and further
increase produces continuously open spiracles (Fig. 4).
Similarly, increasing atmospheric concentrations of carbon
dioxide lead to longer OPs and shorter FPs, with further increase
resulting in continuously open spiracles (Fig. 5).
Where atmospheric oxygen levels are lowered, the DGC per-
iod lengthens (most noticeably in a lengthening FP), until the
atmospheric levels are below the trigger value, in which case the
spiracles do not shut (Fig. 6).
3.3. TS 3
TS 3 is a variation of TS 2. With the spiracle-opening trigger
value chosen to be Ψ ¼ 4:38 kPa, taken from the maximum
endotracheal carbon dioxide value reached using TS 2, this system
gives very similar results to TS 2 under normal conditions. (As
before, Π2¼0.255.) The OP duration is 920 s, and the interburst is
2299 s, both slightly longer than that obtained from TS 2, but again
within the s.d. of Groenewald et al. (2012). The PCO2 and pH ranges
obtained are also the same as those from the TS 2 simulations.
Under varied conditions, the same patterns emerge as with TS 2 in
all three sets, although with differences in the relative phase
durations (results not shown).
3.4. TS 4
TS 4, using the triggers of TS 1 with a response delay of
d¼826 s, produces a full DGC (Fig. 7a) with realistic phase lengths
(OP of 898 s, CP 1215 s, and FP of 1042 s). Here, d has been chosen
to produce the same phase durations as TS 2, showing that these
model systems can achieve the same results through different
mechanisms, under normal conditions. Not unexpectedly, endo-
tracheal PCO2 reaches its minimum at 1.34 kPa and its maximum at
Fig. 8. PO2 traces for increasing p
amb
CO2
, with TS 4: (a) 1 kPa; (b) 2 kPa; (c) 3 kPa. PO2 is measured at the tissue end of the tracheal tube. In (a) and (b) the OPs, CPs and FPs are
indicated by solid white, solid grey, and dashed grey respectively. In (c), solid white indicates continuous ventilation.
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4.38 kPa, as in the results with TS 2, and the pH fluctuation is
similarly between 7.253 and 7.302 units.
Regarding variation in conditions, both increasing metabolic
rate (Fig. 7) and increasing ambient carbon dioxide levels (Fig. 8,
compare to Fig. 7a) initially produce shorter FPs with little effect
on the other phase durations, and then move the pattern from a
full DGC, to an open/closed cycle (flutter being passed over
altogether), to a continuously open state. Decreasing ambient
oxygen levels gives the same behaviour as for the case of TS 2
(results not shown).
3.5. Note on parameter variation and sensitivity
The majority of the input parameters in this model have been
taken from experimental data (cf. Section 2.7). A sample of results
from the model with TS 2 with variations in each of the
parameters shows the model's sensitivity to each (Table 1), where
qualitatively the results are unaffected, although quantitative
effect ranges from negligible to substantial. For values at greater
variation, the DGC pattern may be lost (typically due to the flutter
phase not being initiated). However, the table shows that a great
variety of parameter combinations produce full DGC patterns with
TS 2 (and would similarly be expected to with TS 3 and 4); and
unreported results show that even the quantitative effect of
varying one parameter may be compensated for by varying
another. This strongly suggests that the model is reliable in the
core features it captures and reflects, as it is flexible within
reasonable parameter variation. However, the possibility should
not be eliminated that other factors may be contributing to—or, in
fact, even responsible for—the pattern being generated, and
further experimental work would be key in determining this.
4. Discussion
The aim of this work was to establish whether a two-sensor
control system, based on oxygen and carbon dioxide concentra-
tions in the tracheal system, can represent the driving mechanism
of DGC, and what triggers would be needed in such a system in
order for physiologically realistic results to be generated.
We have shown computationally that an interaction of two
systems, and in particular those based on O2 and CO2 concentra-
tions in the tracheal system, is a viable model for the mechanism
underlying DGC, and that it is indeed possible to induce full DGC
patterns with all four CO2system triggers sets, TS 1–4, in
conjunction with a two-way, low threshold O2 trigger.
However, only TS 2–4 meet the objectives of producing
patterns with realistic phase lengths, endotracheal partial pressure
ranges, and haemolymph pH fluctuation when using physiologi-
cally reasonable input parameters.
It is clear from these results that it is critical to include some
sort of “lag” or hysteresis effect in modelling DGC to account for
the delayed termination of the OP. This could potentially be signal-
transmission delay, as captured using TS 4, or a band for tolerable
pH (as in TS 2 and 3), or separate pH sensors in different parts of
the body to trigger spiracle-opening and spiracle-closing respec-
tively; or may be achieved using a different mechanism not
included here.
From TS 2 and TS 3, it is clear that using pH or PCO2 for the
spiracle-opening trigger makes little qualitative difference to the
model results. This is of interest because while experimental work
indicates that one of these two is the trigger for the spiracle-
opening mechanism (Beckel and Schneiderman, 1957; Burkett and
Schneiderman, 1967, 1974), it is not entirely clear which, or if both
may be involved, and the results presented here suggest that,
based on the effects they produce, the two options are perhaps
equally viable.
Our model with TS 2–4 reflects the abandonment of DGC in
favour of continuous ventilation (CV) under the three extreme
conditions considered. All three sets show modulation of DGC
before it is abandoned, while TS 4 additionally shows a
transition through an open/closed cycle (that is, without a
flutter phase) for increasing metabolic rate and increasing
ambient PCO2 . TS 4 shows an increase in the cycle frequency
with increasing metabolic rate and ambient CO2 concentration,
while TS 2 and 3 show decreases. In all three, the flutter period
shortens, but in TS 2 and 3 the open period increases, length-
ening the cycle, while in TS 4 it is not greatly affected due to
the fact that there is a built-in time delay for the termination of
the OP with TS 4. Comparison with experimental results
suggests that the effects produced by TS 4 are the most realistic
(cf. Section 1), particularly with respect to the effects of
increased metabolic rate on cycle frequency (Heinrich and
Bradley, 2014). These discrepancies between the trigger set
results highlight that not only the presence of hysteresis effects
but also their cause is critical in determining respiration
patterns and their variation (including beyond DGC). In all TS
2–4, reduction in ambient O2 levels induces decreasing fre-
quency of the DGC before it is abandoned, particularly with
increasing FP durations. This is the inverse of what has
Table 1
Parameter variation tests using TS 2: the benchmark values listed produce the
results shown in the first line; for each subsequent line, replacing the benchmark
value of the given parameter with the alternative value (“Alt. value”) produces the
results shown, that is, the resulting phase durations (in seconds), pH-range, and
PCO2 range (in kPa).
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a Note that while the low pH value is an output of the model, it is to a large
extent forced by the choice of the trigger value Π.
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generally been observed, which is shorter FPs and CPs before
abandonment (Chown and Holter, 2000). This may be related
to the choice of a constant value for the low O2 threshold, θ,
rather than a value that is dependent on ambient or endo-
tracheal partial pressures (of O2 or CO2) (cf. Förster and Hetz,
2010; Matthews et al., 2012).
A number of features have, of course, been omitted from this
model. These include convection effects, the process of oxygen
dissolution, effects of atmospheric oxygen levels on pH, and
temperature effects, and spiracular aperture variation. Without
these features, important coarse dynamics of DGC have been
replicated successfully—incorporating them would allow for finer
details and subtleties to be investigated computationally. Inclusion
of a gas-composition-dependent low O2 threshold will in all
likelihood also affect the model's responses to hypercapnia, and
warrants further investigation.
Most input parameter values (all but the conductance values)
have been selected based on experimental data. Sensitivity tests
indicate that variation in these values will affect the outputs
generated; but adjusting one parameter can compensate for the
quantitative effects of adjusting another, and within reasonable
ranges does not compromise the patterns produced. However,
ascertaining empirical values for the spiracular and tracheole tip
conductances through morphometric analysis (as for other species
by, for example, Schmitz and Perry, 1999; Wobschall and Hetz,
2004) would undoubtedly be a beneficial contribution to increas-
ing the accuracy of the model.
The question of what causes the termination of the OP is long-
standing, and intrinsic to the question of what the underlying
mechanism for DGC is. This work strongly suggests that a single
pH-threshold or CO2 threshold is insufficient in producing the long
OPs observed, and that another mechanism is involved. Unloading
of haemolymph CO2 is a possible explanation for the basic pattern
that should not be discarded. Given the model results under
varying ambient and metabolic conditions, however, it appears
that this explanation is incomplete. Alternative causes for the
hysteresis should therefore be investigated, both experimentally
and computationally. It is probable that one or more of the DGC
effects currently being viewed predominantly as benefits, such as
reduction of respiratory water loss or oxidative damage, are
actually critical functional components in the underlying mechan-
ism (possibly also differing between species). In a control systems
framework, then, it is likely that multiple interacting systems will
produce more realistic patterns and pattern variations than two
interacting systems as considered here. Further insight into the
relationships between haemolymph pH fluctuation, endotracheal
PCO2 and the duration of the open period could be obtained
through tracheal perfusion experiments or direct manipulation
Table 2
Parameters, input values and other calculated quantities used in the model. nn indicates that the values are case-dependent as described in Section 3. – indicates that the
quantity in question is dimensionless.
Symbol Description Value Units
L Tracheal length 5 mm
VT Total tracheal volume 214 μl
V Single tracheal volume VT/20 μl
v Volume ratio 5.757 –
A Cross-sectional area of trachea V=L mm2
M Mass of insect 1.76 g
MRtot Metabolic rate (CO2 released) 36M nmol min1
MR Metabolic rate applicable to single tube MRtot=20 nmol min1
RQ Respiratory quotient 0.82 –
MU Metabolic uptake of O2 from single tube MR=RQ nmol min1
S Metabolic uptake in one-dimensional model MU=A nmol min1 mm2
hsp Length of spiracle element L=60 mm
D Diffusion constant of O2 in air 0.178 cm s1
Dsp Spiracle diffusion constant for O2 ðD=800:28Þ  γsp cm s1
k1 Reaction rate constant 0.017 s1
ρ Scaled reaction rate constant 1000 –
κ1 Scaled reaction rate constant 0.387 –
κ2 Scaled reaction rate constant 0.631 –
αtr Solubility of CO2 in air 0.41739 mM kPa1
α Relative tissue solubility of CO2 1.247 –
β1 Quantity of non-bicarbonate buffer 76,000 –
β2 Total buffer value 176,500 –
γin Internal conductance nn –
γsp Spiracular conductance nn –
ϵ Switch for spiracle open/closed 1 or 0 –
θ Low O2 threshold 3.4 kPa
Π High threshold of CO2 system 0.28 –
Π2 Low threshold of CO2 system 0.255 –
Π̂ High threshold converted to pH value 7.253 –
Π̂ 2 Low threshold converted to pH value 7.293 –
Ψ High PCO2 threshold 4.38 kPa
d Enforced spiracle-closing delay 826 s
cn Normalisation constant 199.53 nM
T Ambient temperature 15 1C
pambO2
Ambient O2 partial pressure 20.95 kPa
pambCO2
Ambient CO2 partial pressure 0.033 kPa
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of haemolymph pH status. A more complex computational model,
taking into account the span of experimental results already
available, would also be a good point of departure for further
developing an understanding of DGC using the control-systems
approach.
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Appendix A. Detailed model description and equations
A.1. Oxygen system
The trachea is modelled as an air-filled tube of uniform cross-
section (i.e. a cylinder, cross-sectional area A), its central axis in the
x-direction, with tissue at x¼0 and a spiracle at x¼L. The curved
surface of the cylinder is insulated, representing impenetrable
walls. There is a uniform sink term over the disc at x¼0, totalling
the metabolic uptake of oxygen (MU). For the closed-spiracle state,
the disc at x¼L is insulated. For the open-spiracle state, the
cylinder is lengthened by hsp along its axis, and the disc at
x¼ Lþhsp is exposed to a constant (atmospheric) concentration
of O2 (cambO2 ). Since all aspects of the system are uniform over the
cross-section, it can be treated as a one-dimensional diffusion
system, with O2 concentration as the quantity of interest.
Diffusion of the oxygen concentration u along the domain
xA 0; L
 	












S¼MU=A for x¼ 0
0 for xAð0; L:
(
ð15Þ
For the closed-spiracle state, L ¼ L, D ¼D, and the boundary
conditions are ∂u=∂x
 ð0Þ ¼ 0¼ ∂u=∂x ðLÞ. For the open-spiracle
state, L ¼ Lþhsp, D ¼D for xAð0; LÞ and D ¼Dsp for xA ðL; LþhspÞ,
and the boundary conditions are ∂u=∂x
 ð0Þ ¼ 0 and
uðLþhspÞ ¼ cambO2 .
A.2. Carbon dioxide system
As detailed by Förster (2010):






Synopsis of model variations and outcomes as described in Sections 2.6 and 3. For TS 1, the 3 broad cases considered are labelled: (a) default parameters with various
combinations of γin and γsp values, (b) default parameters with various different combinations of γin and γsp values, and c) variations on the default parameters. “√” indicates
that the objective is met, “x” that it is not, and “—” that it is not applicable or has not been considered.






1. Full DGC x √ √ √ √ √
2. Realistic phase lengths – x x √ √ √
3. Realistic PCO2 range – x x √a √a √a
4. Realistic pH range – x x √ √ √
Overall viability x √ √ √
Response to variation
Increased MR – FP shorter FP shorter FP shorter
OP longer OP longer With increase, no FP
DGC longer DGC longer In extreme, CV
In extreme, CV In extreme, CV
Hypercapnia — FP shorter FP shorter FP shorter
OP longer OP longer With increase, no FP
In extreme, CV In extreme, CV In extreme, CV
Hypoxia — FP longer FP longer FP longer
DGC longer DGC longer DGC longer
In extreme, CV In extreme, CV In extreme, CV
a The objective is met within reasonable tolerance.





where B is an unspecified non-bicarbonate buffer, and the kn
(n¼ 71; 72) are reaction rate constants. With these equations
and the use of Fick's law, the rates of concentration changes in the
tracheal and tissue/haemolymph compartments (of volumes V and







































¼ k1ctiCO2 k1ctiH þ ctiHCO3
dctiB
dt
¼ k2ctiHBk2ctiH þ ctiB
dctiHB
dt
¼ k2ctiHBþk2ctiH þ ctiB ;
where cX designates the concentration of substance X in mols/m3,
the superscripts tr and ti refer to the tracheal and tissue/haemo-
lymph compartments respectively, Gsp and Gin are the spiracular
and internal conductance values before normalisation (see the
substitutions below), and αtr and αti refer to solubilities of CO2. ϵ is
a control-loop switch expressing the spiracle state: ϵ¼ 0 for a
closed spiracle, and ϵ¼ 1 for an open spiracle.
The following substitutions are used:
ctrCO2 ¼ T cn k1 ¼ κ1k1=cn pambCO2 ¼ψcn=αtr
ctiCO2 ¼ Ccn k2 ¼ κ2ρk1=cn MR¼ μcnVk1
ctiH þ ¼Hcn k2 ¼ ρk1 Gsp ¼ γspαtrVk1
ctiHCO3 ¼Ac
n Vtf ¼ vV Gin ¼ γinαtrVk1
ctiB ¼ Bcn αti ¼ vαtr



















   ð18Þ
_H ¼ k1 Cκ1HAþρ Sκ2HBð Þ
 	 ð19Þ
_A ¼ k1 Cκ1HA½  ð20Þ
_B ¼ k1 ρSκ2ρHB
 	 ð21Þ
_S ¼ k1 κ2ρHBρS
 	 ð22Þ
where the dot notation indicates the time derivative. By conserva-
tion of mass
_Bþ _S ¼ 0 and _H _A _B ¼ 0;
so that initial values β1 and β2 can be defined by
BþS ¼ Bð0ÞþSð0Þ ¼ β1
HAB¼Hð0ÞAð0ÞBð0Þ ¼ β2:
Substituting these into Eq. (19) gives
_H ¼ k1 Cκ1HAþρ β1þβ2þAH
 þρκ2H β2þAH  	;
and Eqs. (21) and (22) become redundant; the final set of
equations to be solved is Eqs. (3)–(6), given in Section 2.4.
Appendix B. Summary of parameter and input values
Table 2 gives the values that are, unless otherwise indicated,
used for the parameters and other inputs.
Appendix C. Synopsis of results
The model variations, trigger types and results are summarised
in Table 3.
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